The sterol composition of membranes is known to influence many phenotypes of yeast. However, a systematic study of the relationship between sterol composition and stress resistances has not been conducted. Here, we therefore constructed single or double gene deletion mutants of the last four enzymes in ergosterol biosynthesis in a prototrophic genetic background of Saccharomyces cerevisiae. Identification of the sterol composition of these mutants revealed a high flexibility of the sterol-processing steps instead of the previously proposed sequential conversion. Compared with the wild type, the mutants showed altered resistances to different exogenous stresses regarding the specific growth rate and duration of lag phase. The erg5 deletion mutant whose sterol has a saturated side chain exhibited overall robust growth under the tested stress conditions. The thermotolerant phenotype of erg5 deletion mutant was reproduced in filamentous fungus Penicillium oxalicum. These results highlight the important role of sterols in the response of yeast cells to environmental stresses, and suggest the possibility of improving the robustness of industrial yeast strains by engineering their sterol composition.
INTRODUCTION
Microorganisms are often exposed to various exogenous or endogenous stresses in natural environment or artificial conditions. For industrial microorganisms, stresses originating from inappropriate fermentation parameters (e.g. temperate and pH), or excessively high concentration of substrate, product and byproduct, can significantly reduce the production levels. Thus, understanding the mechanisms for stress response and identification of genetic targets related to stress tolerance are critical for the improvement of industrial strains (Nielsen and Keasling 2016; Zhang et al. 2009) .
As one of the most important industrial microbes and a model eukaryote, the yeast Saccharomyces cerevisiae has been extensively studied for its responses to various stresses. The stress responsive network of S. cerevisiae involves a series of proteins functioning in signal transduction, transcriptional regulation, protein folding, metabolism, morphogenesis, etc. (Dogan et al. 2014; Lahtvee et al. 2016) . Some of these stress-related proteins can serve as efficient targets for yeast strain engineering (Alper et al. 2006; Gorsich et al. 2006) . Membrane lipid, with phospholipids and ergosterol as the major components, has a tight relationship with the stress tolerances of yeast cells. Specifically, total lipid content, phospholipid-to-sterol composition, phospholipid composition, saturation and length of fatty acyl chains can all be influenced by environmental stresses (Chatterjee, Khalawan and Curran 2000; Lahtvee et al. 2016; Sharma et al. 1996) . In turn, manual changes of membrane lipid composition by chemical supplementation or genetic engineering of lipid synthetic genes were able to confer yeast cells increased tolerance to heat, ethanol or oxidative stresses (Landolfo et al. 2010; Swan and Watson 1998; You, Rosenfield and Knipple 2003) . Through adaptive laboratory evolution followed by reverse genetic characterization, we have previously identified Erg3, a desaturase in late biosynthesis of ergosterol, as an efficient target for improving the thermotolerance of yeast (Caspeta et al. 2014) . Other studies also revealed that the disruption of ergosterol synthetic genes resulted in a significant change of various phenotypes, such as drug resistance (Mukhopadhyay, Kohli and Prasad 2002) , stress resistance (Dupont et al. 2012; Kodedova and Sychrova 2015) and the ability of growth initiation (Palermo et al. 1997) . However, a systematic understanding of the relationship between sterol composition and cell resistance to various stresses is still lacking.
At least 25 enzymes are involved in the biosynthesis of ergosterol from acetyl CoA in S. cerevisiae (Caspeta et al. 2014; Nookaew et al. 2008) . The last four steps, catalyzed by Erg2, Erg3, Erg4 and Erg5, convert fecosterol to ergosterol without changing the number and location of carbon atoms (Fig. 1) . Generally, it is believed that Erg2 first isomerizes the C-8(9) double bond to the C-7(8) position (Ashman et al. 1991) , and then Erg3 introduces a C-5(6) double bond (Arthington et al. 1991) , followed by the reduction of the C-24(28) double bond by Erg4 (Zweytick et al. 2000) and introduction of a C-22(23) double bond by Erg5 (Skaggs et al. 1996) in the side chain. The mutants lacking either of the four enzymes are viable, with intermediate sterols instead of ergosterol accumulated in the membrane. In this study, we studied these four reactions in ergosterol biosynthesis from a physiological perspective. Following the construction of single or double gene deletion mutants, we examined their sterol compositions and profiled their growth in liquid medium with seven different stresses. The mutants were also tested for their susceptibilities to ketoconazole, one of the most common antifungal drug targeting the sterol biosynthetic pathway.
MATERIALS AND METHODS

Strain construction
The prototrophic strain CEN.PK 113-7D (van Dijken et al. 2000) provided by P. Kötter (Frankfurt, Germany) was used for the construction of single erg deletion strains. The expression cassette of selection marker gene amdSYM (Solis-Escalante et al. 2013) or KanMX (Guldener et al. 1996) (as shown in Table 1) flanked by upstream and downstream sequences of the target gene was transformed into CEN.PK 113-7D for gene deletion by homologous recombination. To construct double erg deletion mutants, erg4 was transformed with the gene deletion cassettes of erg3 and erg5, respectively, to obtain erg3 erg4 and erg4 erg5 . The amdSYM cassette in erg5 was excised by transforming the strain with a fusion product of upstream and downstream sequences of ERG5, followed by screening in the presence of fluoroacetamide (Solis-Escalante et al. 2013) . Then, the ERG3 gene in this strain was replaced by amdSYM cassette to obtain erg3 erg5 . In Penicillium oxalicum, Poerg5 (GenBank acc. No. EPS27898 for protein sequence) was deleted by transforming the protoplasts of wild-type strain 114-2 (Liu et al. 2013) with the deletion cassette containing the selection marker gene hph through homologous recombination (Li et al. 2010) . All the primers used for cassette constructions and PCR identification of strains are listed in Supplementary Table S1 .
Cultivation
Single colonies from fresh YPD agar plates were inoculated into 3 ml YPD medium in tubes and grown for 12-16 h. Cells were harvested, washed and resuspended in sterile water, and then inoculated into minimal medium for growth measurement with a starting optical density (OD) at 0.05-0.07. The minimal medium contained (per liter) 20 g glucose, 7.5 g (NH 4 ) 2 SO 4 , 14.4 g KH 2 PO 4 , 0.5 g MgSO 4 ·7H 2 O, vitamins and trace metals as used in Verduyn et al. (1992) , with pH adjusted to 6.3 using potassium hydroxide.
For short-term heat stress, the cultivation was performed at 39.5
• C. For long-term heat stress, cells were serially transferred in shake flask cultures at 39.5
• C once a day with a starting OD of 0.1. The growth rates dropped day by day and became relatively constant after 4-5 days. Then, the growth was continuously measured for 2 days. For low pH stress, hydrochloric acid instead of potassium hydroxide was added to adjust the pH to 2.75 at 30
• C. For glucose stress, glucose concentration was Caspeta et al. (2014) increased to 100 g l −1 or 112 g l −1 , as indicated in the text. For acetate stress, 60 mM acetate was added and the pH was adjusted to 4.5. Also, KCl, H 2 O 2 , ethanol and ketoconazole (SigmaAldrich) at concentrations of 1 M, 3 mM, 5% (v/v) and 10 μg ml −1 , respectively, were added to create different stress conditions. Cultivation of strains under low pH and glucose stresses was performed with 20 ml cultures in 100 ml shake flasks agitated on a rotary shaker at 200 rpm. OD at 600 nm was measured with a GENESYS 20 Visible spectrophotometer (Thermo Scientific) and biomass was calculated as dry cell weight (g l −1 ) = 0.7 × OD 600 .
The Bioscreen C microbioreactor (Oy Growth Curves) was used to cultivate cells under KCl stress and ketoconazole treatment with a culture volume of 150 μl, continuous shaking, and OD measurement with a wide-band filter (420-580 nm) every 12 min. The BioLector microbioreactor (m2p-labs) was used for all the other cultivations, with a culture volume of 1 ml in MTP-48-B (flower shaped well) plates, rotating speed at 1200 rpm, and OD measurement at 620 nm every 30 min. The cultures were incubated at 30
• C except under the heat stress conditions.
To assay the growth of P. oxalicum strains, 2 μl of conidia suspension at a concentration of 1 × 10 6 ml −1 was spotted to Vogel's medium (Vogel 1956 ) agar plates that contained 20 g l −1 glucose.
The plates were incubated at 30
• C or 37
• C, and colony diameters were measured every 24 h.
Identification of sterols
As previously described, total lipids were extracted (Khoomrung et al. 2013 ) from cells growing in minimal medium at 30
• C for 12 h, and sterols were identified by gas chromatography-mass spectrometry (GC-MS) (Fletcher et al. 2016) . Briefly, chloroformmethanol (2:1, v/v) was used to extract total lipids from freezedried cells using a Stard D microwave digestion system (Milestone). The concentrated organic phase containing the extracted total lipids was analyzed on a Focus GC ISQ LT single quadrupole GC-MS (Thermo Scientific) with a Zebron capillary GC column ZB-50 (Phenomenex). Xcalibur software 2.2 (Thermo Scientific) was used for system control and data processing.
Determination of extracellular metabolites
To measure time-course amounts of extracellular metabolites, samples were taken from shake-flask cultures of cells growing in minimal medium containing 112 g l −1 glucose. The concentrations of glucose, ethanol and glycerol in the culture supernatants were determined by a Dionex HPLC system equipped with UV and RI detectors using an Aminex HPX-87H column (Bio-Rad). The column was maintained at 45 • C with 5 mM H 2 SO 4
as mobile phase at a flow rate of 0.6 ml min −1 . Figure S1 ) is labeled on each sterol peak. For major sterols, the two numbers in brackets indicate the inferred numbers of double bonds on rings and side chain, respectively. Cholesterol was added to the samples as an internal reference.
RESULTS
Deletion of ERG genes for ergosterol biosynthesis
The Saccharomyces cerevisiae strain CEN.PK 113-7D widely used for physiological studies and metabolic engineering (Canelas et al. 2010 ) was used as the parent strain for the construction of gene deletion mutants. Single deletion of ERG2, ERG3, ERG4 and ERG5 (referred to as ERG genes) was first conducted, and then three double gene deletion mutants with each pairwise combination of ERG3, ERG4 and ERG5 were constructed (Table 1) .
Sterol composition of erg mutants
The sterols extracted from wild-type CEN.PK 113-7D (WT) and erg mutants were examined by GC-MS. Most of the mutants accumulate new components with different retention time on GC from that of WT (Fig. 2) . Although the exact structures of these components cannot be determined due to the lack of standard compounds or their reference data, the MS profiles (Supplementary Figure S1 ) did provide some clues for the composition of sterols in the erg mutants. The major sterols in the WT and erg2 have the same GC retention time and MS spectrum, with the largest fragment in MS at m/z 396. Both components were identified as ergosterol (ergosta-5,7,22-trien-3β-ol) by being compared to the mass spectra library from the National Institute of Standards and Technology (NIST), USA. However, it cannot be excluded that the sterol in erg2 has a C-8(9) double bond because the isomerization by Erg2 would not affect the fragmentation pattern of sterol during ionization (Ellis, Rose and Grindle 1991; van Agthoven et al. 2015) . The mutants with deletion or nonsense point mutation (Caspeta et al. 2014) of ERG3 accumulate three new components different from ergosterol. The major component has a precursor peak at m/z 398, which is as expected because the C-5(6) double bond would not be formed in the absence of Erg3. Further, the fragment at m/z 355 (loss of C-25 to C-27 during ionization) from this component (Supplementary Figure S1) indicates it has a C-24(28) instead of C-22(23) double bond (Ellis, Rose and Grindle 1991) , which is consistent with our previous description of the 'bended' sterol in the erg3 Y185 * mutant (Caspeta et al. 2014) . The major sterols in other mutants all showed peaks with the expected m/z ratios, i.e. increase in m/z by 2 due to erg3 or erg5 deletion, and decrease in m/z by 2 because of erg4 deletion. Specifically, the fragment at m/z 400 from the major sterol in erg3 erg5 suggests that it has only one double bond. The MS spectrum of the major sterol in erg4 erg5 is similar to that of ergosterol except two characteristic peaks at m/z 294 and 314 ( Supplementary Figure S1) . The fragment at m/z 294 (loss of C-1 to C-3 and C-25 to C-27) supports that it has a double bond at C-24(28) position and should be ergosta-5,7,24(28)-trien-3β-ol. In addition to the major components, minor sterol components were detected in erg3 , erg3 erg4 and erg3 erg5 , suggesting the existing but limited activities of the remaining enzymes on the accumulated intermediates in these strains.
Stress resistance of erg mutants
The growth of the erg mutants in liquid synthetic medium with or without stress was compared with the WT. Seven common environmental stresses in industrial fermentation were selected, and the cultivation was mainly performed using multiwell plates for continuous monitoring of growth. As examined by microscopy, the shape and dimension of mutant cells were similar to those of the WT strain (data not shown). The changes in maximum specific growth rates in the mutants relative to WT are summarized in Fig. 3 . Under the condition without exogenous stress, all the strains had similar growth except a longer lag phase for erg3 erg5 (Fig. 4A) . While ERG3 and ERG5 were reported to be essential for respiratory growth in some (but not all) S. cerevisiae strain backgrounds (Merz and Westermann 2009; Smith and Parks 1993), diauxic shift to ethanol utilization phase was observed for all the strains in this study.
Heat stress
The response of S. cerevisiae to long-term thermal stress is different from that to short-term heat shock (Shui et al. 2015) . To monitor the growth exposed to long-term thermal stress, cells were serially transferred at 39.5
• C until growth rate became relatively constant (see Materials and Methods). Similar to the previously described Tyr185Stop point mutation (Caspeta et al. 2014) , deletion of erg3 resulted in improved tolerance to long-term thermal stress (Fig. 3) . In addition, the mutants erg5 , erg3 erg5 and erg4 erg5 also showed significantly faster growth than WT at 39.5
• C, linking the function of Erg5 to long-term thermotolerance. When preculture at 30
• C was directly inoculated into fresh medium and cultivated at 39.5
• C (i.e. short-term thermal stress), erg5 but not erg3 retained faster growth than WT (Fig. 4B) . Thus, deletion of erg5 conferred the cell increased resistance to both long-and short-term heat stresses. Also worth noting is that ethanol phase was absent for all yeast strains at 39.5 • C (data not shown), which is consistent with the previous result (Caspeta et al. 2014) .
To assess whether the function of Erg5 in heat sensitivity is conserved in other fungal species, we deleted Poerg5 (ortholog of S. cerevisiae ERG5, protein sequence identity = 53%) in the distantly related filamentous fungus Penicillium oxalicum (Liu et al. 2013) . Like many other cellulolytic fungi (Li et al. 2017) , P. oxalicum has an optimum temperature for growth at 30
• C but secretes cellulases with optimum temperatures at around 50 • C. Thus, improvement of its thermotolerance is meaningful for using this fungus as a cell factory to directly convert cellulose to fuels or chemicals (Minty et al. 2013) . While similar growth was observed at 30
• C, the Poerg5 deletion mutant had a significantly improved growth at 37
• C relative to wild type (Fig. 5) .
Low pH stress
Adaptive laboratory evolution of S. cerevisiae at low pH with HCl addition generated mutants enriched in ERG5 mutations, which was then proved to contribute to the low pH tolerance (Fletcher et al. 2016) . Here, in addition to erg5 , we found erg3 also showed improved growth than WT at pH 2.75. However, the growth of erg3 erg5 at pH 2.75 was very poor. None of the strains could grow when the pH was further lowered to 2.60 (data not shown).
KCl and H 2 O 2 stresses
The specific growth rates of most erg mutants were similar with that of WT in the presence of 1 M KCl or 3 mM H 2 O 2 , whereas longer lag time was observed for some mutants (all mutants under KCl stress, Fig. 4C ; erg4 and the three erg double mutants under H 2 O 2 stress, Fig. 4D ). None of the strains had an obvious ethanol phase when exposed to KCl stress.
High glucose stress
All the erg mutants except erg2 showed improved tolerance to 100 g l −1 glucose. This result was further confirmed for the four single erg mutants in shake flasks (Table 2) . Particularly, significant growth improvement was observed for erg3 and erg4 . The productivity of ethanol at 20.5 h increased to 2.70 ± 0.01 and 2.66 ± 0.11 g l −1 h −1 in erg3 and erg4 , respectively, much higher than that in WT (1.41 ± 0.00 g l −1 h −1 ). The concentration of glycerol that protects yeast cells against osmotic stress also increased in both mutants. Despite the similar improvement in specific growth rate, erg3 and erg4 showed different physiological characteristics. The mutant erg4 had a higher biomass yield on glucose than erg3 and WT, while erg3 had a significantly higher specific glycerol production rate than the other strains. rGlu, specific glucose consumption rate on biomass; rEt, specific ethanol production rate on biomass; rGlc, specific glycerol production rate on biomass. Data represent the average ± SD of duplicate cultivations. 
Ethanol and acetate stresses
The growth of erg mutants is similar to the WT in 5% (v/v) ethanol, except erg3 erg5 that exhibiting a stronger sensitivity. When 60 mM acetate was contained in the medium, all the mutants showed different extents of reduction in growth than the WT, and even no growth was observed for erg3 erg5 . The strains did not have an ethanol phase when growing in the medium supplemented with acetate.
Resistance to ketoconazole
Azole drugs such as ketoconazole and fluconazole are commonly used drugs to treat fungal infections, with the lanosterol 14α-demethylase Erg11 in ergosterol synthetic pathway as a direct target. Mutation in ERG3 can lead to azole resistance by preventing the formation of toxic 14-methylergosta-3,6-diol in the presence of azole drugs (Kelly et al. 1995) . We studied the growth of the erg mutants in liquid medium containing 10 μg ml −1 ketoconazole. The three mutants with erg3 deletion all showed reduced susceptibility to ketoconazole than WT, regardless of the manipulation of ERG4 or ERG5 (Fig. 6 ). This suggests that the saturation of C-5(6), but not changes in the side chain, is the determining factor in azole resistance.
DISCUSSION
In this study, we investigated the relationship between membrane sterol composition and stress resistance phenotypes in yeast, with a focus on the number and position of C=C double bonds in the sterol molecule. Previously, the erg mutants have been evaluated for various phenotypes using the mutants in genome-wide gene deletion library of Saccharomyces cerevisiae (Winzeler et al. 1999) . These mutants constructed from BY strains are auxotrophic and are not really suitable for growth assessment because alteration of sterol composition can remarkably impair the uptake of exogenous amino acids and the subsequent cell growth (Umebayashi and Nakano 2003) . Here, we used prototrophic strain CEN.PK 113-7D for erg deletion, which prevented the interference of exogenous amino acid supply to cell growth. Through continuous monitoring of growth in liquid media, we were able to compare specific growth rate, time of lag phase and diauxic growth among strains, which is more informative than the classical spotting assay on agar plate. As a result, growth on ethanol was found to be more severely inhibited by several stresses compared to the glucose phase. The last steps in ergosterol synthesis are extensively described as a linear pathway (Lees et al. 1995) , despite the evidence that some of the reactions may be not strictly ordered (Aguilar et al. 2010) . Here, double erg deletion mutants were constructed to investigate the interactions between ERG3, ERG4 and ERG5. The three double erg mutants all have different sterol compositions from the single erg mutants, which means none of the three genes is epistatic to the others. Elimination of Erg6, which is generally believed to catalyze the methylation of C-24 before Erg2, also did not block the function of 'downstream' enzymes (Souza et al. 2011) . Taken together, the last ergosterol synthetic steps have a high flexibility due to the relatively loose substrate specificities of the enzymes.
The erg5 mutant with a saturated side chain exhibited thermotolerance under both short-and long-term heat shock conditions. In plants, the homolog of Erg5 introduces the same C-22(23) double bond to sitosterol to produce stigmasterol (Morikawa, Mizutani and Ohta 2006) . These two sterols compose a mixture in plant membranes. Sitosterol, which also contains a saturated side chain, has a higher ordering effect and therefore a better performance at maintaining the microfluidity of cell membrane at high temperature than stigmasterol (Dufourc 2008) . This physical effect of side chain structure may explain the thermotolerance of erg5 in yeast. In addition, erg5 mutant showed generally unchanged or improved resistance to other stresses compared with WT (Fig. 3) , which is consistent with the previous characterization of this mutant on other phenotypes (Kodedova and Sychrova 2015; Palermo et al. 1997) . These results, together with the thermotolerant phenotype of Poerg5 deletion strain in Penicillium oxalicum, suggested ERG5 could be a promising target for improving the robustness of fungal strains for industrial purposes. The erg3 erg5 strain whose sterol contains saturated bonds at both C-5(6) and C-22(23) positions showed the strongest tolerance under long-term heat stress, which could be linked to the beneficial effect of saturated fatty acyl chains on membrane on thermotolerance (Sato et al. 1996) .
The change of sterol composition has been shown to affect the potential, fluidity and permeability of membrane, as well as the localization and activity of membrane-bound proteins (Kodedova and Sychrova 2015; Lees et al. 1995) . The mechanisms underlying the phenotypes observed for the mutants here are still to be studied considering the above factors and their combinatorial effects. The membranes in erg2 , erg3 and erg4 strains, but not erg5 , were reported to be strongly hyperpolarized (Kodedova and Sychrova 2015) , which might affect their permeability for stressors. Given the protecting function of unsaturated fatty acyl chains and ergosterol against the fluidizing effect of ethanol (Swan and Watson 1997; Vanegas et al. 2012) , we could speculate that the sterol with high saturation level in erg3 erg5 resulted in increased sensitivity of membrane fluidity to ethanol and therefore low ethanol tolerance (Fig. 3) . Interestingly, the seeming correlations between the growth changes under some stresses implied interacting mechanisms for their effects. This is supported by the finding that altered activities of cation and proton transporters on membranes could affect cell tolerances to not only low pH but also ethanol (Lam et al. 2014) and acetate (Yang et al. 2010 ) stresses in yeast. On the other hand, redesigning of the membrane sterol composition (e.g. yeast with humanized sterol, Souza et al. 2011 ) through genetic engineering is valuable for the membrane-related researches and applications from a synthetic biology perspective.
